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Abstract. During cell division and growth, the nucleus 
and chromosomes are remodeled for DNA replication 
and cell type-specific transcriptional control. The yeast 
silencing protein Sir3p functions in both chromosome 
structure and in transcriptional regulation. Specifically, 
Sir3p is critical for the maintenance of telomere struc- 
ture and for transcriptional repression at both the silent 
mating-type loci and telomeres. We demonstrate that 
Sir3p becomes hyperphosphorylated in response to 
mating pheromone, heat shock, and starvation. Cells 
exposed to pheromone arrest in G1 of the cell cycle, yet 
G1 arrest is neither necessary nor sufficient for phero- 
mone-induced Sir3p hyperphosphorylation. Rather, hy- 
perphosphorylation of Sir3p requires the mitogen-acti- 
vated protein (MAP) kinase pathway genes STE11, 
STE7, FUS3/KSS1, and STE12, indicating that an intact 
signal transduction pathway is crucial for this Sir3p 
phosphorylation event. Constitutive activation of the 
pheromone-response MAP kinase cascade in an 
STEll-4 strain leads to hyperphosphorylation of Sir3p 
and increased Sir3p-dependent transcriptional silencing 
at telomeres. Regulated phosphorylation of Sir3p may 
thus be a mechanistically significant means for modu- 
lating silencing. Together, these observations suggest a 
novel role for MAP kinase signal transduction in coor- 
dinating chromatin structure and nuclear organization 
for transcriptional silencing. 
S 
IGNAL transduction through mitogen-activated pro- 
tein (MAP)  t kinase cascades communicates extracel- 
lular  signals  to  the  nucleus  and  elicits  distinct re- 
sponses. In yeast, six different MAP kinase pathways have 
been described;  they coordinate signals induced by such 
diverse stimuli as mating pheromone, heat shock, starva- 
tion, and changes in osmolarity (for reviews see Levin and 
Errede, 1995; Herskowitz, 1995). Induction of any of these 
MAP kinase pathways leads to transcriptional activation 
of many genes ihat are responsible  for alterations in cellu- 
lar structure and physiology. For example, reorganization 
of the nucleus may enable the cell to respond properly to 
extracellular signals. 
Chromosomal  structures,  like  telomeres  and  centro- 
meres, as well as specialized regions of transcription, such 
as the nucleolus, specify discrete structural and functional 
domains in the nucleus.  Some of these nuclear domains 
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1.  Abbreviations  used  in  this paper.  CIP,  calf intestinal alkaline  phos- 
phatase;  5-FOA,  5-fluoroorotic acid;  MAP,  mitogen-activated protein; 
MAPK, MAP kinase; MEK, MAP kinase kinase; MEKK, MEK kinase; 
YPD, yeast extract/peptone/dextrose medium. 
are distinguished by the nature of their resident chroma- 
tin: heterochromatic domains remain condensed during in- 
terphase, are often localized to the nuclear periphery, and 
are generally transcriptionally inactive; euchromatic regions, 
in contrast, have a  more open chromatin conformation, 
are  dispersed  throughout the nucleus,  and are  typically 
transcriptionally active.  The  posttranslational modifica- 
tion of key chromatin proteins has been shown to contrib- 
ute to local differences in chromatin structure (for review 
see  Reeves, 1992). For example, phosphorylation of the 
linker histone H1 in Tetrahymena macronuclei is associ- 
ated with nuclear domains that contain transcriptionally 
active  chromatin, whereas dephosphorylated HI  is  pre- 
dominantly found within the condensed, transcriptionally 
inactive, chromatin bodies (Lu et al., 1995). In Drosophila, 
heterochromatin-associated protein HP1  becomes multi- 
ply phosphorylated during embryonic assembly  of peri- 
centric heterochromatin (Eissenberg et al., 1994). The ki- 
nases  and phosphatases that regulate phosphorylation of 
these critical chromatin proteins have not been identified, 
nor are the signals known that must be activated for tem- 
poral and spatial  modulation of chromatin structure dur- 
ing the life cycle of these organisms. 
Silenced chromatin at the silent mating-type loci and te- 
lomeres in Saccharornyces cerevisiae defines functionally 
distinct nuclear domains.  This chromatin is transcription- 
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ifying enzymes, and it may be restricted to the nuclear pe- 
riphery (for review see Laurenson and Rine, 1992; see also 
Nasmyth, 1982; Singh and Klar, 1992; Gottschling, 1992; 
Palladino et al.,  1993; Loo and Rine, 1994).  Sir3p,  a  key 
component of silenced chromatin in yeast, is essential for 
transcriptional silencing at both the silent mating-type loci 
and telomeres. Haploid sir3 mutants are mating defective, 
due to the simultaneous expression of genes at the tran- 
scriptionally active mating-type locus MAT and the nor- 
mally inactive HM silent loci (Rine and Herskowitz, 1987). 
Silencing of telomere-proximal reporter genes is exquis- 
itely sensitive to  Sir3p;  such genes  are  completely tran- 
scriptionally active in sir3 mutants and increasingly inactive 
upon increased SIR3 gene dosage or tethering (Gottsch- 
ling et al., 1990; Aparicio et al., 1991; Renauld et al., 1993; 
Lustig et al., 1996). Telomeres are shorter in sir3 mutants, 
and the normal localization of telomeres at the nuclear pe- 
riphery is disrupted (Palladino et al., 1993). Sir3p,  in fact, 
localizes  to  distinct  perinuclear  foci  (Palladino  et  al., 
1993),  similar to the patterns identified by immunolocal- 
ization of the telomere-binding protein Raplp (Klein et al., 
1992), suggesting that Sir3p is present at telomeres. In ad- 
dition, Sir3p localization is lost in histone H4 mutants that 
are known to abolish silencing (Hecht et al., 1995), as well 
as in certain Raplp mutants (Cockell et al.,  1995). These 
observations point to a  link between silencing functions 
and the structural integrity of the telomeres. 
Data  indicating  that  Sir3p  interacts  physically with 
other proteins involved in transcriptional silencing suggest 
that Sir3p is part of a macromolecular silencing complex. 
Sir3p  coimmunoprecipitates with  histones  H3  and  H4 
glutathione-S-transferase  fusion  proteins  (Hecht  et  al., 
1995). In addition, interactions between Sir3p and Raplp 
or Sir4p hybrid proteins have been observed in vivo (Mor- 
etti et al.,  1994). Genetic interactions have also been ob- 
served between SIR3 and SIR1, SIR4, RAP1, histone H4, 
and the telomeres themselves (Ivy et al., 1986; Marshall 
et al.,  1987; Rine and Herskowitz,  1987; Johnson et al., 
1990; Stone et al.,  1991; Enomoto et al.,  1994; Liu et al., 
1994; Liu and Lustig, 1996). Together, these observations 
support  a  model  in  which  Sir3p,  histones  H3  and  H4, 
Raplp, Sir4p,  and possibly other silencing proteins form a 
multiprotein complex that modulates chromatin structure 
at the silent mating-type loci and at telomeres. 
The wealth of evidence that establishes Sir3p as a cen- 
tral component of a silencing complex prompted us to be- 
gin evaluating properties of the protein itself. We present 
evidence that Sir3p is a phosphoprotein and that its phos- 
phorylation is altered as a function of cellular physiology. 
Specifically, Sir3p is hyperphosphorylated in response to 
mating pheromone, heat shock, and starvation. Further- 
more, we demonstrate that signal transduction through an 
MAP kinase cascade is required for pheromone-induced 
Sir3p hyperphosphorylation. Substantially increased tran- 
scriptional silencing occurs simultaneously with activation 
of  the  pheromone-response  MAP  kinase  pathway  and 
Sir3p hyperphosphorylation. Our data suggest that global 
signaling pathways may be  critical  for  regulating  Sir3p 
phosphorylation and transcriptional silencing in response 
to a variety of physiological challenges. Sir3p phosphoryla- 
tion may thus link crucial physiological responses, via sig- 
nal transduction, to changes in chromatin structure  and 
nuclear organization. 
Materials and Methods 
Yeast strains, Media, and Growth Conditions 
Yeast strains are listed in Table I. LPY771 was made with the use of plas- 
mid YIpApep4 (kindly provided by A. Brake, University of California, 
San Francisco). LPY1683 is a haploid segregant from UCC3542 (isolated 
by E.  Ray,  University of Colorado,  Boulder).  LPY2495  and  LPY2497 
were disrupted for STE7 or STE12,  respectively, by PCR-directed  mu- 
tagenesis (Baudin et al., 1993).  Yeast extract/peptone/dextrose (YPD)-, 
yeast extract/peptone/glycerol (YPGlycerol)-, and yeast extract/peptone/ 
galactose (YPGal)-rich media, or supplemented synthetic medium lack- 
ing the appropriate  nutrient for plasmid selection, were prepared as de- 
scribed (Sherman, 1991), except 3% galactose was used for YPGal (McKin- 
ney et al., 1993). 5-fluoroorotic acid (5-FOA) plates were prepared by adding 
5-FOA to 0.1% final concentration (Sikorski and Boeke, 1991) to supple- 
mented synthetic medium. Phosphate-free growth medium has been de- 
scribed (Warner, 1991).  Strains containing plasmids were grown in selec- 
tive medium overnight, and then diluted into fresh rich medium for two or 
three generation times to reach logarithmic growth before making cell ex- 
tracts. Strains were grown at 30°C unless otherwise indicated, a-factor (P. 
Chou,  Chemical Synthesis Facility,  Howard  Hughes Medical  Institute, 
University of Washington) was added to barl  strains to  1 I~g/ml, or to 
BAR1  strains to  10 Ixg/ml; nocodazole (Sigma Chemical Co., St.  Louis, 
MO) was added to 10 p,g/ml; and hydroxyurea (Sigma Chemical Co.) was 
added to a final concentration of 0.15 M. Cultures were then arrested by 
incubating for  2.5  h.  To  release  cells  from  a-factor  arrest,  cells  were 
washed with 5 vol of growth medium and collected by centrifugation or fil- 
tration. Cell cycle arrest and release was confirmed by flow cytometric 
analysis and/or by budding index determination (typical arrest resulted in 
>95% unbudded cells by a-factor, >90% budded cells by hydroxyurea, 
and >95%  large-budded cells by nocodazole).  Cyclin depletion experi- 
ments were performed as described (McKinney et al., 1993),  except that 
cells were removed from galactose medium by centrifugation and washed 
in 2 vol of YPD, followed by arrest in YPD for 2.5 h with shaking at 30°C. 
Heat shock experiments performed at 37°C as reported here, or at 39°C 
after Kamada et al. (1995), yielded similar results. The sporulation me- 
dium used in this work consisted of 0.3% potassium acetate, 0.02% raffi- 
nose, and 25 Ixg/ml zinc acetate. 
Yeast Plasmids and Transformation 
pLP27, also known as p JR104 (kindly provided by J. Rine, University of 
California, Berkeley), is a 2ix-bused plasmid containing the URA3 select- 
able marker and the S1R3 gene under its own promoter, pLP304 (kindly 
provided by C. Nislow, University of Colorado, Boulder) was made by in- 
troducing SIR3 as a 4.5-kb SalI fragment in the 2ix-based LEU2 plasmid 
YEp351 (Hill et al., 1986), where SIR3 expression is also under control of 
its natural promoter. These constructs result in increased levels of Sir3p 
compared with endogenous levels of the protein (see Fig. 1 A). Experi- 
mental results for immunoblots were  qualitatively identical, comparing 
strains expressing endogenous levels of SIR3 from its chromosomal locus 
and  strains carrying a  multicopy SIR3  plasmid. Strains carrying Sir3p- 
overproducing plasmids behave normally in all aspects examined, and the 
plasmids fully complement a sir3 null mutant strain. To facilitate data pre- 
sentation, many of the immunoblot experiments presented use strains car- 
rying the multicopy S1R3 plasmid pLP27, as indicated in the figure leg- 
ends, since overproduction results in readily visible Sir3p bands. 
pLP421 contains the STEll-4 allele as a  3.6-kb XbaI fragment from 
pSL1655  (Stevenson  et  al.,  1992)  in  the  centromeric plasmid  pRS315 
(Sikorski  and Heiter,  1989).  Plasmid transformations into various yeast 
strains were performed with lithium acetate as described  (Schiestl and 
Gietz, 1989). 
Yeast Protein Extracts 
Protein extracts were prepared as follows: cultures were harvested in 5 ml 
at an OD600 of 1.0 (~107 cells per ml). Cell pellets were washed in cold 
H20, frozen in liquid N2, and stored at  -70°C. Frozen cell pellets were 
thawed and resuspended in 100 p.l cold PBS with protease inhibitors (final 
concentration 1 ~g/ml leupeptin, 0.067 U/ml aprotinin, 0.2 mM PMSF, and 
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Strain  Genotype  Source 
W303-1 a  MAT a ade2-1  his3-11,15  leu2-3,112  trpl-1 ura3-1  R. Rothstein 
canl-lO0 
W303-1 a sir3:: TRP1  R. Sternglanz 
W303-1 a pep4  This study 
MAT a adel bar1 his2 leu2 trpl ura3  F. Cross 
MATa adel bar1 his61eu2-3,112  lys2 trpl-289 ura3-52  gall  R. Sclafani 
1255-5C clnl cln2 cln3 leu2::LEU2::GAL-Cl~3  F. Cross 
1255-5C far1A  " 
W303-1a barlA  E. Elion 
Ey957 fus3::LEU2  " 
EY957 kssl::HIS3  " 
EY940 kssl::HIS3  " 
MAT a his4-519 leu2 trpl ura3 canl-lO1  S. Fields 
EGI23 ste11-At  " 
MAT a his3::hisG ura3-52  G. Fink 
L5528 ste7::LEU2 leu2::hisG  " 
L5528 kssl::hisG fus3::TRP1 trpl::hisG leu2::hisG  " 
L5528 ste12::LEU2 leu2::hisG  " 
MATa FUSI::HIS3 leu2 trpl ura3 his3A2OO::ura3  G. Sprague 
pep4A::ura3 can1 
SY 1390 STE11-4  " 
W303-1 a HML::TRPI  R. Sternglanz 
MA Ta/MATa ade2101/ade2-101  his3-A  2OO/his3-A200  D. Gottschling 
leu2-A1/leu2-A1  lys2-801/lys2-801  TRP1/trpl-A63 
ura3-52/ura3-52  PPR1/pprl :  :  LYS2 
adh4: : URA3-TELVIII_,/adh4 :  : URA3-TELVIIL 
DIA5-1 (AD  E2-  TEL  VR  )/DIA5-1 
MAT a ade2-101  his3-A200 leu2-A1  lys2-801  trp1-A63  This study 
ura3-52  adh4::URA3-TELVIIL DIA5-1(ADE2-TELVR) 
LPYI683 ste7::HIS3  This study 
LPY1683 stel2::HlS3  This study 
MAT a ade2-101  his3-A200 leu2-A1  lys2-801  trpl-A1  D. Gottschling 
ura3-52  adh4::URA3-TEL 
MATa ade2-101  his3-A200 leu2-A1  lys2-801  trpl-A1  D. Gottschling 
ura3-52  adh4::URA3 
UCC1001 sir3::HlS3  " 
MAT a his3-t l  leu2 trpl A ura3-52  canlza::hisG  " 
ade2::hisG VR::ADE2-TEL 
RS862 
LPY771 
1255-5C 
372 
1608-21C 
1630-4A- la 
EY957 
EY940 
EYlll9 
EY966 
EG123 
DC40 
L5528 
L5559 
L6016 
L5573 
SY 1390 
SY1866 
RS927 
UCC3542 
LPYI683 
LPY2495 
LPY2497 
UCCI001 
UCC 1003 
UCC3249 
UCC3107 
1 ~zg/ml pepstatin; Sigma Chemical Co.). An equal volume of glass beads 
was added  (0.4-0.52-mm, acid-washed; Thomas Scientific, Swedesboro, 
NJ), and cells were broken by vortexing four to six times, for 30 s each, 
with/>30 s on ice between vortexing. After adding sample loading buffer, 
samples were boiled for 2 rain, followed by a 5-rain microfuge spin before 
gel loading. Cell extract equivalent to an OD600 of ~1.0 was loaded in each 
lane. 
Antisera, Immunoprecipitation, and Immunoblotting 
The rabbit  polyclonal  antiserum raised  against a  bacterially  expressed 
13gal-Sir3p  fusion protein has been previously described (Palladino et al., 
1993). For probing Western blots, crude serum from rabbit 2936 (bleeds 2, 
3, or 4) was used at a 1:5,000 dilution. For immunoprecipitation, this anti- 
serum was purified on a protein A-agarose column (Sigma Chemical Co.), 
eluted in 100 mM glycine, pH 2.4, neutralized by addition of Tris, pH 8.0, 
to 100 mM, and used at ~5 mg/ml. Conjugation of 5 ~l of anti-Sir3p anti- 
serum and 20 i~l of protein A-Sepharose beads (Pharmacia Fine Chemi- 
cals, Piscataway, N J)  per sample was performed in IP buffer (Axelrod, 
1991)  (25 mM Hepes, pH 7.5, 5 mM MgCl2, 0.1 mM EDTA, pH 8.0, 10% 
glycerol, 50 mM KC1)  +  0.2%  NP-40 for 1 h  at 4°C. Conjugated beads 
were washed three times in IP buffer +  0.2% NP-40 before immunopre- 
cipitation. 
Protein  extracts  for  immunoprecipitation  were  made  as  described 
above, except cells were broken in IP buffer +  1% NP-40. SDS was added 
to 1% before boiling, 400 p~l cold IP buffer was added to reduce the deter- 
gent concentration to 0.2%, and then debris was removed with a 10-min 
microfuge spin at 4°C. The supernatant was mixed with 20 ~1 of the anti- 
Sir3p antiserum-conjugated protein A-Sepharose beads for 1-3 h at 4°C. 
Immunoprecipitates were washed three times in IP buffer +  0.1% NP-40, 
followed by one wash in IP without detergent, and then boiled in sample 
loading buffer for 2 min. 
Samples were subjected to SDS-PAGE electrophoresis on 7.5%  gels 
(30:0.8  acrylamide/bis-acrylamide). Prestained standards (Bio Rad Labo- 
ratories, Hercules, CA) were used as molecular weight markers. Proteins 
were transferred from gels to nitrocellulose (0.2 p.m; Schleicher & Schuell, 
Inc., Keene, NH) in transfer buffer (Harlow and Lane, 1988)  containing 
15% methanol. Immunoblotting was performed as described (Harlow and 
Lane, 1988)  at room temperature, blocking in TBSTM buffer (150 mM 
NaCI, 10 mM Tris, pH 8.0,  0.05% Tween 20, 2% powdered skim milk), 
with 2-h primary antibody incubations, 1-h secondary antibody (anti-rab- 
bit, HRP-conjugated; Amersham Corp. [Arlington Heights, IL]; or alka- 
line phosphatase-conjuated; Promega  [Madison, WI])  incubations, and 
developing with ECL (Amersham Corp.) or alkaline phosphatase (Har- 
low and Lane, 1988). 
In Vivo Labeling and Phosphatase Treatment 
For 32p-in vivo labeling, a logarithmically growing culture was inoculated 
into phosphate-free growth medium and incubated for one generation of 
growth.  [32P]orthophosphate  (8,500-9,120  Ci/mmol;  Dupont-New  En- 
gland Nuclear, Wilmington, DE) was added to 0.75 mCi per 5 ml culture, 
and cells were labeled for one doubling time before harvesting and pro- 
cessing for immunoprecipitation. Gels were fixed (7%  acetic  acid/50% 
methanol) and dried for autoradiography. 
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vivo-labeled cells were  run  on  SDS-PAGE  and  transferred to  polyvi- 
nylidene fluoride  membrane  (Immobilon-P; Millipore  Corp.,  Bedford, 
MA). The Sir3p band was excised, eluted, and  processed as described 
(Kamps and Sefton, 1989; Cooper et al., 1983). 
For in vitro phosphatase experiments, immunoprecipitates were resus- 
pended in 40 ixl of IP buffer +  0.1% 2-mercaptoethanol immediately after 
the last IP wash. Calf intestinal alkaline phosphatase (CIP) (Boehringer 
Manheim Biochemicals, Indianapolis, IN) was added to 1 U per reaction. 
When  used,  the  phosphatase  inhibitor  sodium  orthovanadate  was  in- 
cluded at 100 p.M. Reactions were incubated at 30°C for 1 h, before adding 
sample loading buffer and boiling. 
In initial experiments, a  mammalian phosphatase 2A (a gift from N. 
Ahn, University of Colorado, Boulder) and Yersinia enterocolitica (Boeh- 
ringer Mannheim Biochemicals) tyrosine phosphatase were also exam- 
ined; CIP was the only phosphatase that appeared active on Sir3p immuno- 
precipitates. Moreover, treating 32p-labeled  immunoprecipitates with CIP 
(data not shown) led to the conclusion that the Sir3p protein sample was 
not completely accessible to dephosphorylation by the CIP phosphatase, 
perhaps explaining why CIP treatment (see Fig. 1 B) resulted in a Sir3p 
band that comigrated with the lowest band in untreated samples. 
Flow Cytometric Analysis 
Flow cytometry was performed as described (Hutter and  Eipel, 1979). 
Propidium iodide- (Sigma Chemical Co.) stained cells were analyzed on a 
flow cytometer (FACScan®; Becton Dickinson &  Co., Mountain View, 
CA) using the LYSYS software package (Becton Dickinson & Co., Immu- 
nocytometric Systems, San Jose, CA). 
Telomere Silencing Assays 
Transcriptional repression from the reporter genes URA3 and ADE2 at 
telomeric  locations  was  monitored  using  qualitative  and  quantitative 
methods described (Aparicio et aL, 1991). For monitoring URA3 expres- 
sion, 14-h cultures were inoculated from selective synthetic medium con- 
taining recently plated transformants. Logarithmically growing cells were 
then plated in a series of fivefold dilutions onto supplemented synthetic 
medium lacking leucine for plasmid selection and onto the same medium 
containing 5-FOA. The ability of STEll-4 to improve telomeric silencing 
was most readily apparent under these growth conditions where silencing 
of the parental plasmid control strain was relatively inefficient. For moni- 
toring ADE2 expression, ~200  cells from each stationary culture were 
plated onto synthetic medium supplemented with only the minimal re- 
quired nutrients, including 6 ixg/ml adenine, which aids in distinguishing 
the white colonies and sectors expressing ADE2 from the red colonies and 
sectors that are silent for ADE2. 
Results 
Sir3p Is a Phosphoprotein 
Sir3p has a  central role in yeast transcriptional silencing 
and nuclear organization as defined by genetic and cell bi- 
ological assays. To initiate biochemical analysis of Sir3p, we 
prepared yeast whole cell extracts for immunoprecipitation 
and immunoblot analysis.  As shown in Fig.  1 A, we de- 
tected multiple species of Sir3p. The Sir3p bands were more 
intense when SIR3 was overexpressed from a yeast 2Ix plas- 
mid than when expressed from its normal chromosomal lo- 
cus (compare lanes I  and 3). These immunoreactive bands 
were not detectable in a sir3 null mutant strain (lane 2), 
Since complex protein patterns often result from post- 
translational modification, we asked if the multiple elec- 
trophoretic species of Sir3p that we detect are due to phos- 
phorylation.  Accordingly, anti-Sir3p  immunoprecipitates 
were treated with phosphatase and examined for changes 
in the pattern of Sir3p bands. Untreated immunoprecipi- 
tates showed the characteristic multiple bands  for Sir3p 
(Fig. 1 B, lane 1). Treatment of anti-Sir3p immunoprecipi- 
Figure 1.  Sir3p is modified by phosphorylation.  (A) Immunobtot 
of Sir3p immunoprecipitated  from wild-type (lane 1), sir3 null 
mutant  (lane  2), and Sir3p-overproducing  strain  (lane  3).  (B) 
Sir3p immunoprecipitates were mock phosphatase treated (lane 1), 
phosphatase  treated  (lane  2),  and  phosphatase  treated in  the 
presence  of the  phosphatase  inhibitor  sodium  orthovanadate 
(lane 3), followed by immunoblot  analysis. (C) Autoradiograms 
of Sir3p immunoprecipitates  from in vivo 32P-labeled cultures of 
wild-type (lane 1), sir3 null mutant (lane 2), and Sir3p-overpro- 
ducing strain  (lane 3). Although  as many as five distinct Sir3p 
bands have been detected, their resolution is variable. Since we 
always detect at least two prominent forms of Sir3p, alternately 
modified Sir3p bands are referred to as upper and lower bands. 
Molecular weight markers of 200, 118, and 78 kD are indicated at 
the left. Strains used  were:  (A) W303-1a, RS862, and LPY771 
with the 2Ix-SIR3 plasmid pLP27, respectively; (B) LPY771 with 
pLP27; and (C) W303-1a (lane 1), RS862 (lane 2), and LPY771 
with pLP27 (lane 3). 
tares with  CIP  resulted  in  a  shift  of the  heterogeneous 
Sir3p bands to a distinct lower band (Fig. 1 B, lane 2), sug- 
gesting that Sir3p is indeed modified by phosphorylation. 
To confirm that the change in electrophoretic mobility was 
due to phosphatase activity, immunoprecipitates were treated 
with CIP in the presence of the phosphatase inhibitor so- 
dium  orthovanadate,  in  which  case the  shift to  a  lower 
band was not observed (Fig. 1 B, lane 3). 
To ask if Sir3p is a  phosphoprotein in vivo, yeast cul- 
tures were metabolically labeled with [32p]orthophosphate 
followed  by  immunoprecipitation  of  whole  cell  lysates 
with anti-Sir3p antiserum. Autoradiograms revealed that 
at least two species of phosphorylated Sir3p exist in vivo in 
wild-type cells  (Fig.  1  C,  lane  1).  Again,  the phosphor- 
ylated species were more prominent in  cultures overex- 
pressing SIR3 (Fig. 1 C, lane 3), and undetectable in a sir3 
null mutant (Fig. 1 C, lane 2). Immunoblotting these same 
samples showed that the two major 3ep-labeled phosphor- 
ylated species comigrated with the two major bands seen 
on the immunoblot (data not shown). Phosphoaminoacid 
analysis of 32p-labeled Sir3p samples detected phosphory- 
lation only on phosphoserine (data not shown). 
Since results from these experiments and all others were 
qualitatively identical for strains  expressing endogenous 
levels of SIR3 and for strains carrying a  multicopy SIR3 
plasmid,  the  remaining  experiments  in  this  paper  are 
shown for strains carrying the multicopy SIR3 plasmid to 
facilitate data presentation, unless otherwise indicated. 
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sure.  Immunoblot of whole  cell lysates from cultures  that were 
mock treated (lane 1), or cell cycle arrested with a-factor (lane 2), 
hydroxyurea (lane 3), or nocodazole (lane 4) as described  in Ma- 
terials  and Methods.  Flow cytometric analysis of the same sam- 
ples is presented below. The x-axis represents DNA content (1C 
or 2C) as measured by relative fluorescence,  and the y-axis repre- 
sents relative cell number (sample size, 5,000 cells). Flow cytome- 
try and budding index determination suggested arrest as expected 
at Gt/START by a-factor, at S by hydroxyurea, and at G2/M by 
nocodazole.  The strain used was 1255-5C with pLP27. 
confirm that the shift in Sir3p mobility was due to hyper- 
phosphorylation, immunoprecipitates from a-factor-arrested 
samples were treated with phosphatase. Phosphatase treat- 
ment resulted in a similar shift to a lower Sir3p band both 
in  samples  that  were  exposed  to  a-factor or  that  were 
mock treated, demonstrating that the upper band that re- 
sulted from a-factor treatment is sensitive to phosphatase 
(Fig. 3 A). Additional evidence that the higher Sir3p band 
in a-factor-treated cells is a phosphoprotein was obtained 
from cultures labeled with 32p in vivo, as described before, 
and arrested with a-factor. Only a higher, more slowly mi- 
grating  phosphospecies  was  observed  for  such  samples 
(Fig. 3 B), which comigrated with the upper band detected 
immunologically for the same samples (data not shown). 
We  observe similar  hyperphosphorylation  of Sir3p  in  a 
strain expressing SIR3 from its endogenous chromosomal 
locus (Fig. 3 C). 
Since a-factor exposure led to G1 arrest, the observation 
that Sir3p was hyperphosphorylated upon treatment with 
a-factor raised the possibility that Sir3p phosphorylation 
may be modulated in G1 of each cell cycle. To determine if 
Sir3p phosphorylation changes occur normally in G1, a cul- 
ture was synchronized by first treating with a-factor, and 
then releasing from a-factor arrest as a synchronous popu- 
lation of dividing cells. We observed that the lower band 
reappeared as soon as pheromone was removed from the 
medium and the cells began to re-enter the cell cycle. The 
Sir3p pattern did not shift to that of a-factor-arrested cells 
during the second synchronous G1, or at any subsequent 
time after release from a-factor. In a separate experiment, 
the  lower  Sir3p  band  reappeared  immediately  after  re- 
lease  from a-factor even  in  the  presence  of the  protein 
sythesis inhibitor cycloheximide, suggesting that reappear- 
ance  of the  lower band  occurred in  the  absence  of new 
synthesis  of  Sir3p  (unpublished  data).  Therefore,  it  is 
Sir3p Is Hyperphosphorylated in Response to 
a-Factor Treatment 
Phosphorylation states of many cellular proteins change 
in  response  to  different  growth  conditions  and  during 
the  cell cycle. To determine whether phosphorylation of 
Sir3p might vary during the cell cycle, we arrested cells at 
three different stages of the cell cycle: (a) in G1, before the 
commitment point  START, with  the  mating pheromone 
a-factor; (b) in S phase with the DNA replication inhibitor 
hydroxyurea; and  (c)  at G2/metaphase with the  microtu- 
bule-depolymerizing  agent  nocodazole.  Flow  cytometric 
analysis (Fig. 2),  to evaluate DNA content,  and budding 
index determination (not shown) confirmed that these cul- 
tures  arrested  at the  expected cell cycle point.  Immuno- 
blots of whole cell lysates showed that  Sir3p was shifted 
substantially to a  higher, more slowly moving band upon 
treatment with a-factor (Fig. 2, compare lane 1, untreated, 
with  lane  2,  a-factor  treated).  In  contrast,  no  marked 
change was observed for Sir3p at S phase arrest or at G2/ 
metaphase arrest (Fig. 2, lanes 3 and 4), indicating that not 
all cell cycle arrests result in increased Sir3p phosphoryla- 
tion. 
The decrease in Sir3p mobility observed upon a-factor 
exposure  was  consistent  with  hyperphosphorylation.  To 
Figure 3.  Sir3p is hyperphosphorylated upon exposure to a-fac- 
tor. (A) Immunoblot of Sir3p immunoprecipitates from an asyn- 
chronously  growing  culture  (lanes  1, 3, and 5)  or an a-factor- 
exposed culture  (lanes  2,  4,  and 6).  Immunoprecipitates were 
mock treated (lanes I and 2), phosphatase treated (lanes 3 and 4), 
or phosphatase treated in the presence of a phosphatase inhibitor 
(lanes 5 and 6). (B) Autoradiogram of Sir3p immunoprecipitates 
from in vivo 32p-labeled cultures  that were untreated (lane 1) or 
a-factor treated (lane 2). (C) Immunoblot of untreated (lane 1) 
or a-factor-treated (lane 2) cells from a strain expressing S1R3 at 
endogenous levels, overdeveloping the blot to facilitate visualiza- 
tion of bands. Strains used were: (A) 1255-5c with pLP27; (B) 372 
with pLP27; and (C) 372 with no plasmid. 
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tion. Cells were arrested by depletion of G1 cyclins, by shifting a 
growing culture  in galactose  medium to glucose medium. Immu- 
noblot of whole  cell  lysates  from a  galactose  culture  that was 
asynehronously  growing (lane 1) or exposed to c~-factor  (lane 2), 
arrested in G1 by shifting to glucose for 2.5 h (lane 3), and subse- 
quently mock treated (lane 4) or a-factor treated (lane 5) for an 
additional  2 h. Flow cytometric analysis of the same samples  is 
presented in corresponding panels in the graph below. The x-axis 
represents DNA content (1C or 2C) as measured by relative fluo- 
rescence,  and the y-axis represents relative cell number (sample 
size, 5,000 cells). Note that flow cytometric analysis reveals that 
a-factor treatment of this strain in galactose  does not result  in 
uniform arrest in G1; rather, this strain has been observed to ar- 
rest at positions throughout the cell cycle in response to a-factor 
exposure (Oehlen,  B.,  personal communication).  Cells  are  ar- 
rested with 1C DNA content upon depletion of cyclins by 2.5-h 
growth  in  glucose  (panel  3);  cultures  that  were  subsequently 
mock or a-factor treated (panels  4 and 5) continue to maintain 
1C DNA content that is seen slightly shifted to the right, proba- 
bly due to increased  cell volume and proliferation of mitochon- 
drial DNA during continued  incubation  at G 1 arrest.  The strain 
used  was  1608-21C (MATa clnl cln2 cln3 GAL-CLN3) with 
pLP27. 
in Sir3p hyperphosphorylation. To test this possibility, we 
took advantage of the observation that yeast cells can be 
arrested in G1 by simultaneous depletion of the three G1 
cyclins,  CLN1,  CLN2,  and  CLN3.  Although  G1  cyclin 
function  is  essential  for cell  viability (Richardson  et  al., 
1989), a strain that is triply mutant for clnl cln2 cln3 can be 
kept alive with CLN3 under control of the carbon source- 
regulated  GALI-IO  promoter  (McKinney  et  al.,  1993). 
This strain was arrested in G1 by shifting a culture growing 
in galactose to glucose-containing medium to repress tran- 
scription  of  the  CLN3  gene.  Flow  cytometric  analysis 
showed that the culture was arrested in G1 (Fig. 4, bottom 
panel 3), yet there was no change in Sir3p phosphorylation 
patterns (Fig. 4, compare lane 1, galactose-growing cells, 
to lane 3, 2.5-h shift to glucose). Subsequent treatment of 
the  CLN-depleted  culture  with  a-factor  resulted  in  the 
same hyperphosphorylation of Sir3p previously observed 
upon u-factor treatment of an asynchronous population of 
cells,  showing  that  these  cells were  capable of a-factor- 
induced  Sir3p  hyperphosphorylation  (Fig.  4,  see  lane  2, 
treatment of asynchrous galactose culture, and lane 5, 2.5-h 
shift  to  glucose  followed  by  2-h  a-factor treatment).  A 
control in which CLN-depleted cells were arrested in glu- 
cose for as long as 4.5 h showed no changes in Sir3p phos- 
phorylation (Fig. 4, lane 4). Thus, the CLN-depleted strain 
had the potential to respond to a-factor by hyperphosphor- 
ylating Sir3p, even though G1 arrest due to absence of the 
G1 cyclins did not result in hyperphosphorylation. Hence, 
changes in Sir3p phosphorylation were not a direct conse- 
quence of G1 arrest, but appear to be the result of a phero- 
mone response. We also tested whether a-factor exposure 
led  to  Sir3p  hyperphosphorylation,  which  would  be  ex- 
pected. We observed similar results to those with n-factor 
treatment (not shown). 
The results above demonstrated that G1 arrest is not suf- 
ficient for Sir3p hyperphosphorylation. We next asked if 
G1 arrest is necessary for Sir3p hyperphosphorylation by 
examining Sir3p in  a farl  mutant. The farl  mutant does 
not  arrest  the  cell  cycle in  G1  upon  exposure  to  phero- 
mone, although other responses to a-factor appear normal 
(Chang and Herskowitz, 1990).  An immunoblot of a wild- 
type and a farl mutant strain treated with a-factor showed 
the  same shift  in  mobility for Sir3p,  demonstrating  that 
Sir3p was indeed hyperphosphorylated in the absence of 
G1  arrest (Fig.  5,  lane 2,  wild-type; lane 4, farl  mutant). 
Flow cytometric analysis (data not shown) confirmed that 
the farl mutant did not arrest in G 1 with exposure to a-fac- 
tor. Thus, G1 arrest is not necessary for pheromone-induced 
Sir3p hyperphosphorylation. 
likely  that  an  endogenous  phosphatase  activity  dephos- 
phorylates Sir3p as cells re-enter the cycle and approach 
S phase. These data suggest that, like Sir3p hyperphosphor- 
ylation, dephosphorylation of Sir3p may also be regulated. 
G1 Arrest Is Neither Necessary Nor Sufficient  for 
Sir3p Hyperphosphorylation 
Hyperphosphorylation of Sir3p occurred at G1 arrest in re- 
sponse to a-factor treatment, yet it did not occur during G1 
of cycling cells.  It was therefore important to determine 
whether a pheromone-independent G1 arrest would result 
Sir3p Is Hyperphosphorylated in Response to Heat 
Shock and Starvation 
We reasoned that, in principle, temperature-sensitive cdc 
mutants could be tested for potential Sir3p hyperphosphor- 
ylation effects at  different cell cycle arrest points.  How- 
ever, raising  the  temperature  in  wild-type  strains  led  to 
changes  in  Sir3p  phosphorylation  patterns,  confounding 
such  analysis.  Sir3p  mobility  was  reproducibly  altered 
when a wild-type strain was shifted from 22°C to 37°C for 
2.5  h  (Fig. 6, lanes 1 and 2, respectively). We determined 
that changes in Sir3p patterns seen upon temperature shift 
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lation.  Immunoblot of whole cell lysates from wild-type or far1 
mutant strain (lanes I and 3, untreated; lanes 2 and 4, c~-factor  ex- 
posed,  respectively).  The strains  used were 1255-5C and  1630- 
4A-la, respectively, both with pLP27. 
were due to altered phosphorylation, because phosphatase 
treatment of Sir3p immunoprecipitates from such cultures 
resulted in a  quantitative shift of the higher, slower mov- 
ing material to a  lower band, similar to the  shift seen in 
Fig. 3 A.  Hyperphosphorylation of Sir3p in response to a 
temperature shift,  although reproducibly detectable, was 
not as great as that seen with pheromone treatment. These 
observations  are  reminiscent  of those  described  by  Ka- 
mada et al. (1995) in which mild heat shock activates pro- 
tein kinase C and downstream MAP kinases. 
The observation that mild heat shock resulted in Sir3p 
hyperphosphorylation  prompted  us  to  explore  whether 
Sir3p  phosphorylation  is  a  general  cellular  response  to 
physiological stress. Accordingly, Sir3p patterns were ana- 
lyzed after both nitrogen and glucose starvation, as well as 
upon osmotic shock. Cultures harvested after 48-h starva- 
tion in sporulation medium showed a shift to a more slowly 
migrating Sir3p band, which was distinctly higher than that 
seen for a-factor-exposed cells (Fig. 7 A, compare lanes 1 
and 2). This effect was seen for both haploid and diploid 
cells (data not shown),  indicating  that the shift occurs in 
response  to  starvation  and  is  independent  of  meiosis. 
Phosphatase treatment of Sir3p immunoprecipitates from 
starved cells resulted in reduction of the upper band to a 
lower band, similar to the mobility shift seen in Fig. 3 A, in- 
dicating  that  the  changes  in  Sir3p  mobility were  due  to 
phosphorylation. 
Sporulation medium starves cells by depriving them of 
both nitrogen and carbon sources (for review see Mitchell, 
1994).  Another starvation regime that caused a similar up- 
ward shift in the Sir3p pattern was growth to saturation in 
rich  medium,  during  which  cells  also  enter  stationary 
phase as a result of nutrient starvation, although the shift 
was not as severe as that seen for cultures in sporulation 
medium (data not shown). To distinguish whether changes 
in Sir3p phosphorylation were due to nitrogen depletion, 
carbon depletion,  or  a  combination  of the  two, cultures 
were grown to saturation in sporulation medium supple- 
mented with glucose. Hyperphosphorylation of Sir3p was 
still observed when glucose was added to sporulation me- 
dium, although to a  lesser extent than in the  absence of 
glucose (data not shown). Both glucose and nitrogen limi- 
tation thus contributed to Sir3p phosphorylation. 
In recent  studies,  distinct  influences  on transcriptional 
silencing have been reported for cells starved for glucose 
and for cells growing in  a  nonfermentable carbon source 
(Shei  and  Broach,  1995).  To  test  if growth  in  a  nonfer- 
mentable  carbon  source  likewise  influences  Sir3p  phos- 
phorylation, cells were  grown in  glycerol-containing me- 
dium. Cultures harvested after growth in glycerol showed 
changes in the  Sir3p pattern  (Fig. 7 B, cultures grown in 
glucose, lane 1; then shifted to glycerol, growing for 6  h, 
lane 2; or growing for 24 h, lane 3). The Sir3p upward shift 
was exacerbated upon  starvation in  glycerol medium by 
growing cells to saturation  (Fig. 7  B, lane 4),  illustrating 
another  example  of an  additive  or  synergistic  effect on 
Sir3p phosphorylation, in this case for glycerol growth and 
starvation conditions. 
We showed that Sir3p phosphorylation was altered by 
several different stress conditions, such as heat shock and 
starvation. In contrast, exposure to osmotic stress in culture 
media containing 0.4 M NaC1 for 10 or 30 min (Brewster 
et al., 1993) did not appear to influence Sir3p phosphoryla- 
tion  (data  not shown). Thus, Sir3p was hyperphosphory- 
lated  in  response  to  many but  not  all  stress  conditions, 
Figure  6.  Sir3p  phosphorylation 
changes  upon heat  shock.  Immuno- 
blot  of whole  cell  lysates  from cul- 
tures grown at 22°C (lane  1) or heat 
shocked  at  37°C for 2.5  h  (lane  2). 
The  strain  used  was  W303-1a with 
pLP27. 
Figure 7.  Starvation induces Sir3p hyperphosphorylation. Immu- 
noblots of whole cell lysates from haploid cultures  (A) growing 
asynchronously  (lane  1) or starved for 48 h in sporulation me- 
dium (lane  2); and (B) growing  asynchronously  in glucose  me- 
dium (lane 1), or shifted  to glycerol medium and growing asyn- 
chronously for 6 h (lane 2) or 24 h (lane 3), or starved in glycerol 
medium by growth to saturation (lane 4). Flow cytometric analy- 
sis for starved samples indicated  that cultures were arrested with 
1C DNA content, consistent with Go arrest (data not shown). The 
strains  used  were  (A)  W303-1a and  (B)  LPY771, both  with 
pLP27. 
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tion response. 
An Intact MAP Kinase Signaling Pathway Is 
Required  for Sir3p Hyperphosphorylation in Response 
to Pheromone 
Diverse physiological responses, including pheromone re- 
sponse and heat shock, are regulated by MAP kinase path- 
ways (for reviews see Levin and Errede, 1995; Herskowitz, 
1995). In particular, the MAP kinases (MAPK) Fus3p and 
Ksslp have critical and overlapping functions in the pher- 
omone-response pathway (Elion  et  al.,  1991).  To deter- 
mine if a-factor-induced Sir3p hyperphosphorylation de- 
pends on FUS3 and/or KSS1,  Sir3p phosphorylation was 
examined in fus3 or kssl single mutants, and in a fus3 kssl 
double mutant. The Sir3p pattern was the same in asyn- 
chronously growing wild-type and mutant strains (Fig. 8 A, 
lanes 1, 3, 5, and 7). When wild-type and fus3 or kssl single 
mutant strains were treated with a-factor, hyperphosphor- 
ylation of Sir3p was observed (Fig. 8 A, lanes 2, 4 and 6). 
In  the fus3  kssl  double mutant,  however, no change  in 
Sir3p pattern was seen upon exposure to a-factor (Fig. 8 A, 
Figure 8.  The pheromone-response  MAP kinase pathway is re- 
quired for ct-factor-induced  hyperphosphorylation  of Sir3p. Im- 
munoblot of whole cell lysates from (A) wild-type, fus3 mutant, 
kssl mutant, or fus3 kssl double mutant (lanes 1, 3, 5, and 7, un- 
treated; lanes 2, 4, 6, and 8, a-factor exposed); and (B) wild-type, 
stell mutant, ste7  mutant, fus3 kssl double mutant, ste12 mutant, 
or wild type (lanes 1, 3, 5, 7, 9, and 11, untreated; lanes 2, 4, 6, 8, 
10, and 12, a-factor exposed). The first two strains and the final 
four strains are in the same genetic strain background, ste7 and 
ste12 mutants were also examined in the EG123 background with 
the same results. Immunoblotting the ste7  mutant strain consistently 
resulted  in a fainter Sir3p signal. Strains used were: (A) EY957, 
EY940, EYlll9, and EY966, respectively; and (B) EG123, DC40, 
L5559, L6016, L5573, and L5528, respectively, all with pLP27. 
lane 8). Thus, although FUS3 and KSS1  are not required 
for normal modification of Sir3p in cycling cells, at least 
one of these MAPK genes is required for pheromone- 
induced Sir3p hyperphosphorylation. This suggests that 
a-factor-induced Sir3p  hyperphosporylation requires  an 
intact pheromone-response MAP kinase pathway. 
The MAPK kinase (MEK) gene STE7 and the MEK ki- 
nase (MEKK) gene STEll, like FUS3 or KSS1,  are also 
required for signal transduction through the pheromone- 
response MAP kinase pathway.  We  therefore examined 
Sir3p phosphorylation in stell and ste7 mutants, and found 
that Sir3p was not hyperphosphorylated in these mutant 
strains in response to a-factor exposure. Samples of un- 
treated vs a-factor-treated cells for each mutant strain are 
shown in lanes 1-8 of Fig. 8 B, which also demonstrates 
the FUS3/KSS1  requirement again. To address the possi- 
bility that Sir3p is hyperphosphorylated by one of the ki- 
nases  in  the  MAP  kinase  cascade  itself  (MEKK/MEK/ 
MAPK) or by a  kinase that is activated downstream of 
the MAP kinase cascade, we analyzed Sir3p phosphoryla- 
tion patterns in an ste12 mutant. STE12 encodes a  tran- 
scription factor  that  is  activated  by  the  MAP  kinase 
pathway in response to pheromone (for review see Her- 
skowitz, 1995). Stel2p in turn activates a number of down- 
stream genes that encode proteins important for the pher- 
omone  response.  When  an  ste12  mutant  strain  was 
treated with a-factor, Sir3p hyperphosphorylation did not 
occur (Fig. 8 B, compare a-factor-exposed stel2 mutant in 
lane 10 to a-factor-exposed wild-type strain in lane 12). 
Although it remains a  formal possibility that a  kinase in 
the  MAP  kinase  cascade  itself  directly  phosphorylates 
Sir3p in response to pheromone (see Discussion), we in- 
terpret this result to indicate that pheromone-induced Sir3p 
hyperphosphorylation probably requires a downstream ki- 
nase that is directly or indirectly activated by Stel2p. 
To test if the changes in Sir3p phosphorylation that oc- 
cur under starvation conditions also require the MAP ki- 
nase genes, Sir3p patterns were examined in strains har- 
boring mutations in FUS3 and KSS1. Wild-type, fus3 single 
mutants,  kssl  single  mutants,  and kssl fus3  double mu- 
tants all respond similarly to incubation in sporulation me- 
dium,  revealing  slower  mobility  Sir3p  bands  (Fig.  9  A, 
lanes 2, 4, 6, and 8) compared with logarithmically growing 
strains (Fig. 9 A, lanes 1, 3, 5, and 7). Thus, although FUS3 
or KSS1 is required for Sir3p hyperphosphorylation upon 
pheromone  treatment,  they  are  not  required  for  the 
changes in Sir3p phosphorylation upon starvation. More- 
over, neither STE11  (Fig. 9 B) nor STE7 or STE12 (data 
not shown) is required for starvation-induced Sir3p hyper- 
phosphorylation. These results demonstrate that other kinases 
in  addition  to  those  active  in  the  pheromone-response 
MAP kinase pathway must play a role in regulating Sir3p 
phosphorylation. Whether these kinases are parts of other 
MAP kinase cascades, or other regulated phosphorylation 
pathways, remains to be determined. 
Activation of the Pheromone-Response MAP 
Kinase Pathway in an STE11-4 Mutant Strengthens 
Transcriptional Silencing at Telomeres 
A  key question is whether changes in  the state of Sir3p 
phosphorylation affect its  function  in  transcriptional  si- 
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required for starvation-induced  hyperphosphorylation of Sir3p. 
Immunoblot of whole cell lysates from (A) wild-type, fus3 mu- 
tant, kssl mutant, or fus3 kssl double mutant (lanes 1, 3, 5, and 7, 
asynchronously  growing; lanes 2, 4, 6, and 8, starved for 24 h in 
sporulation medium); and (B) wild-type or stell mutant (lanes 1 
and 3, asynchronously  growing; lanes 2 and 4, starved for 24 h in 
sporulation  medium).  Strains  used  were:  (A)  EY957,  EY940, 
EYlll9, and EY966, respectively; and (B) EG123 and DC40, all 
containing pLP27. 
lencing.  We reasoned that developing a  strain that could 
continually  maintain  a  state  of Sir3p  hyperphosphoryla- 
tion would be invaluable in addressing this question.  We 
thus assessed Sir3p phosphorylation in the dominant STEll-4 
mutant, in which the MAP kinase cascade is constitutively 
activated in the absence of pheromone (Stevenson et al., 
1992). The Sir3p pattern was shifted to a slower mobility in 
the STEll-4 mutant (Fig. 10, lane 2) compared with wild 
type  (Fig.  10,  lane  1),  consistent  with the  Sir3p  changes 
seen upon exposure to a-factor. Therefore, not only must 
the pheromone-response MAP kinase pathway be intact 
for Sir3p hyperphosphorylation to occur in the presence of 
a-factor, but activation of the pathway in the  absence of 
a-factor is capable of constitutively hyperphosphorylating 
Sir3p. 
Since  Sir3p  was constitutively  hyperphosphorylated in 
the  dominant  STE11-4  mutant  even  in  the  absence  of 
pheromone, we were able to ask if transcriptional silencing 
is  altered  in  an  STEll-4  strain  in  which  Sir3p  is  hyper- 
phosphorylated as a result of MAP kinase pathway activa- 
tion. Using a strain with the TRP1 reporter gene at the si- 
lent mating-type locus HML, no changes in silencing were 
observed when a plasmid carrying the STEll-4 allele was 
introduced  (data not shown).  Thus, STEll-4 did not ap- 
pear to interfere with silencing at HML::TRP1. Since this 
TRP1 reporter is likely to already be fully silenced, how- 
ever, no further increases in silencing would be detected if 
STEll-4 were to improve transcriptional  repression.  We 
therefore  chose  to  evaluate  telomeric  transcriptional  si- 
lencing using the well-characterized URA3 and ADE2 re- 
porter genes, because at these loci it is possible to detect 
either  increases  or  decreases  in  transcriptional  silencing 
(Gottschling et al., 1990). 
We examined the efficiency of silencing in the presence 
of the STE11-4 plasmid in strains with both the URA3 and 
the ADE2 genes at telomeres. To evaluate  URA3 gene 
expression, growth of control and STE11-4 transformants 
was compared on medium selecting for plasmid mainte- 
nance (-leu)  and on medium containing the suicide sub- 
strate 5-FOA, (continuing to maintain selection for plasmid). 
Growth on 5-FOA is a sensitive measure of transcriptional 
silencing of the telomere-positioned URA3 gene because 
cells expressing URA3 cannot grow on 5-FOA, such that 
only silenced cells form colonies. In this assay we observed 
that  STEll-4 transformants  were  more 5-FOA  resistant 
than control transformants (Fig. 11 A, rows 1 and 2). In 
a  parallel  quantitative  evaluation  of 5-FOA  resistance, 
we determined that the STEll-4 plasmid increased resis- 
tance from 2.2 x  10  -3 to 7.1  x  10-2%, reflecting a 32-fold 
increase in transcriptional silencing of URA3. We also ob- 
served significantly larger colonies on 5-FOA with STE11-4 
compared with controls (see Chien et al., 1993,  for similar 
observations  of increased  colony size  with  increased  si- 
lencing). Since overexpression of SIR3 increases silencing 
of URA3 at the telomere (Renauld et al., 1993), we com- 
pared the STEll-4 effect to that of SIR3 overexpression. 
The degree of improved silencing with overexpression of 
SIR3  was  greater  than  that  of the  STEll-4  plasmid  in 
these strains (Fig. 11 A, row 3), increasing to 2.2 x  101 in a 
quantitative assay. We further examined the effect of the 
STEI1-4 plasmid on telomeric silencing using the ADE2 
reporter gene by monitoring colony color, and  observed 
similar improved silencing at the telomeric ADE2 locus in 
the  form  of  increased  red  and  sectored  colonies  with 
STEll-4 (data not shown). 
To investigate the specificity of the STE11-4 effect on si- 
lencing, we tested whether the STEll-4 plasmid could also 
improve silencing in ste7 and ste12 mutant strains. STE7 is 
directly downstream of STE11 in the pheromone-response 
MAP  kinase  cascade  (Levin and  Errede,  1995;  Hersko- 
witz,  1995),  and  it  is  required  for  pheromone-induced 
Sir3p  hyperphosphorylation  (Fig.  8).  We  observed  that 
STEll-4 was incapable of improving silencing in the ste7 
mutant  (Fig.  11 A, rows 4  and 5),  although increased  si- 
lencing as a result of SIR3 overexpression was comparable 
in the wild-type and the ste7 mutant strain (row 6). As the 
Stel2p transcription factor is essential for the pheromone 
response but is downstream of the MAP kinase cascade it- 
self,  we  also  tested  if the  increased  silencing  seen  with 
STEll-4 occurred in the stel2 mutant. As for the ste7 mu- 
tant, we saw that STEll-4 did not result in increased si- 
lencing in the stel2 mutant strain (Fig. 11 A, rows 7-9). In 
addition, STEll-4 had no effect on expression of an inter- 
nal  URA3  locus  (data  not  shown),  thus  demonstrating 
specificity for loci subject to silencing. Moreover, in an sir3 
mutant,  the  STEll-4 plasmid was unable to improve si- 
lencing of URA3 at the telomere (Fig. 11 B). These results 
demonstrate that STEll-4 requires both SIR3 and an in- 
tact  pheromone-response  MAP  kinase  pathway  to  im- 
Figure 10.  Constitutive  activation of 
the MAP kinase pathway by STEll-4 
results  in  constitutive  Sir3p  hyper- 
phosphorylation.  Immunoblot  of 
whole  cell  lysates  from  asynchro- 
nously growing wild-type  (lane  1) or 
STEll-4  mutant  strain.  The  strains 
used were SY1390 and SY1866, both 
with pLP27. 
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way  activation  by  STE11-4 
strengthens  transcriptional 
silencing of a telomere-proxi- 
real  URA3 reporter. Telom- 
eric silencing  of the  URA3 
gene is measured  by growth 
on 5-FOA.  A  fivefold  dilu- 
tion  series  of  growing  cul- 
tures were plated  on supple- 
mented  synthetic  medium 
lacking  leucine  for  plasmid 
selection  (-leu, left) or  the 
same  medium  containing 
5-FOA  (right). (A)  Wild- 
type,  ste7, or  ste12 mutant 
containing  plasmid  control 
(pRS315, rows  1, 4,  and  7), 
the  STEll-4  plasmid 
(pLP421, rows 2, 5, and 8), or 
a  plasmid  overexpressing 
SIR3 (pLP304, rows 3, 6, and 
9), respectively. (B) sir3 mu- 
tant  strain  containing 
pRS315  (row  1),  pLP421 
(rows 2 and 3, two indepen- 
dent  transformants),  or 
pLP304 (row 4). Strains used 
were  LPY1683,  LPY2495, 
LPY2497, and UCC3249. 
prove telomeric silencing. Thus, transcriptional silencing 
at telomeres is strengthened upon activation of the phero- 
mone-response MAP kinase cascade and Sir3p hyperphos- 
phorytation. 
Discussion 
Gene silencing, an important form of transcriptional re- 
pression,  is  regulated  in  part  by  local  differences  in 
chromatin structure. We have shown that Sir3p, a protein 
essential for yeast silencing, is  subject to dynamic phos- 
phorylation, and that signal transduction through an MAP 
kinase  cascade leads  to Sir3p hyperphosphorylation and 
increased transcriptional silencing. Since phosphorylation 
of  other  key  chromatin  components  is  correlated  with 
their function (Reeves, 1992), similarly, phosphorylation 
of Sir3p may potentially be important for its function in 
the  assembly and maintenance of transcriptionally silent 
chromatin.  Our  results  suggest  a  novel  role  for  signal 
transduction in regulating changes in chromatin structure 
via Sir3p phosphorylation. 
Signal Transduction through an MAP Kinase Cascade 
Results in Hyperphosphorylation of Sir3p 
We have demonstrated that Sir3p is hyperphosphorylated 
when  exposed  to  mating  pheromone.  Although  phero- 
mone  exposure  causes  cell  cycle  arrest  in  G1  before 
START, G 1 arrest is not sufficient for Sir3p hyperphos- 
phorylation because phosphorylation is unchanged when 
cells  are  arrested  in  G1  by depletion  of the  G1  cyclins. 
Moreover, G1 arrest is not necessary for Sir3p hyperphos- 
phorylation because  it  occurs in  the  GI  arrest-defective 
far1 mutant when exposed to a-factor. Thus, Sir3p phos- 
phorylation changes specifically in response to pheromone. 
Indeed,  this  phosphorylation  requires  an  intact  phero- 
mone-response signal  transduction  pathway,  as  revealed 
by the requirement for at least one of the functionally re- 
dundant MAP kinase pair Fus3p/Ksslp. Hyperphosphory- 
lation of Sir3p does not occur in the MAP kinase-defec- 
tive fus3 kssl  double mutant  when exposed to a-factor, 
although both fus3 and kssl single mutants are capable of 
Sir3p  hyperphosphorylation  when  treated  with  phero- 
mone (see Fig. 8 A). MAP kinases Fus3p and Ksslp are 
known  to  act  redundantly in  phosphorylating  Stel2p,  a 
transcription  factor  that  activates  a  number  of  down- 
stream genes (Herskowitz, 1995). Although Sir3p contains 
a single MAP kinase consensus site (LT_SP; Nigg, 1993) at 
residues 293-296, we think it is more likely that Stel2p ac- 
tivates a  downstream kinase that is responsible for Sir3p 
hyperphosphorylation because hyperphosphorylation does 
not occur in an ste12 mutant when treated with a-factor. 
This interpretation is complicated by the apparently con- 
tradictory observations  that  the  Stellp  MEKK  remains 
active toward the Ste7p MEK in an stel2 mutant (Zhou et 
al.,  1993), yet Stel2p modulates expression of several up- 
stream genes  in  the  MAP  kinase  cascade  (Fields  et  al., 
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MEK/MAP kinases may be decreased. The complex feed- 
back  loops within  the pathway confound simple predic- 
tions, but future experiments will  help in determining if 
Sir3p is directly phosphorylated by a MAP kinase and/or if 
Sir3p is a substrate of a kinase downstream of Stel2p. 
Sir3p is hyperphosphorylated upon heat shock or starva- 
tion, as well as in response to mating pheromone. Several 
lines  of evidence suggest  that  different kinase  activities 
target specific Sir3p sites under different conditions. First, 
the  hyperphosphorylated  Sir3p  bands  that  result  from 
pheromone  treatment,  heat  shock,  and  starvation  are 
qualitatively distinct. Second, basal  levels of Sir3p phos- 
phorylation  appear  identical  in  MAP  kinase  pathway 
mutants  that  are  defective in  pheromone-induced  Sir3p 
phosphorylation changes. Third, starvation-induced Sir3p 
hyperphosphorylation seems to occur by a different path- 
way  than  pheromone-induced  Sir3p  hyperphosphoryla- 
tion. This point is emphasized by our evaluation of starva- 
tion-induced  Sir3p  phosphorylation in  the  MAP  kinase 
pathway mutants that interfered with pheromone-induced 
Sir3p hyperphosphorylation. Since many of the same com- 
ponents of the pheromone-response MAP kinase cascade 
are also required for the invasive growth that occurs in re- 
sponse to nitrogen starvation (Roberts and Fink, 1994), it 
might have been predicted that starvation-induced Sir3p 
hyperphosphorylation would not occur in these mutants. 
However, Sir3p hyperphosphorylation in response to star- 
vation was the same in wild-type and MAP kinase path- 
way--defective mutants  stell,  ste7, fus3  kssl,  and  ste12. 
Our results therefore indicate that hyperphosphorylation 
of Sir3p induced by starvation occurs by a pathway distinct 
from the MAP kinase cascade required for pheromone re- 
sponse  or  invasive  growth.  Overall,  the  complexity ob- 
served  for  Sir3p  phosphorylation  suggests  that  Sir3p 
serves as a substrate for a number of different kinase activ- 
ities. Sir3p phosphorylation occurs predominantly on serine 
residues, of which 91  exist in  the protein. There is  thus 
great potential for finely tuned regulation of Sir3p phos- 
phorylation in response to altered cellullar physiology. 
Functional Implications of Sir3p Phosphorylation: 
Increased Transcriptional Silencing Is Associated with 
Pheromone-induced Sir3p Hyperphosphorylation 
Sir3p is essential for transcriptional repression and for te- 
lomeric positioning  and  integrity,  raising  the  possibility 
that  transcriptional  silencing  or  telomere  structure  re- 
sponds  to Sir3p hyperphosphorylation. A  critical test of 
this possibility was to ask if silencing is altered when Sir3p 
is  hyperphosphorylated.  We  examined  silencing  in  an 
STEI1-4 strain that is known to cause dominant activation 
of the pheromone-response MAP kinase cascade (Steven- 
son et al.,  1992), and that we showed resulted in hyper- 
phosphorylation of Sir3p in  the  absence  of pheromone. 
Under conditions in which either increased or decreased 
silencing could be detected, we observed improved silenc- 
ing of the telomeric URA3 and ADE2 reporter genes. The 
increased silencing with STE11-4 is dependent upon an in- 
tact  pheromone-response  signaling  pathway  because  it 
was not observed if the pathway was disrupted by muta- 
tion of STE7 or STE12. Thus, Sir3p hyperphosphorylation 
is correlated with strengthened transcriptional silencing at 
telomeres. It is a possibility that Sir3p hyperphosphoryla- 
tion is not the direct cause of the increased silencing ob- 
served  upon  STEll-4  activation.  Further  investigation 
should reveal how phosphorylation of other silencing pro- 
teins  may  be  affected during  the  pheromone  response. 
Due to the wealth of evidence that implicates Sir3p as a 
crucial and limiting component of the silencing complex, 
we feature Sir3p phosphorylation in our discussion of how 
MAP kinase regulation of silencing may occur. 
Aparicio  and  Gottschling  (1994)  proposed  that  both 
starvation and heat shock may strengthen transcriptional 
silencing. Specifically, they observed that telomeric tran- 
scription was irreversibly silenced after starvation-induced 
stationary phase arrest. In their experiments, the trans- 
activator protein Pprlp was normally able to activate tran- 
scription of a reporter gene during stationary arrest, but 
not if the reporter was subject to telomeric silencing. Heat 
shock at 37°C also compromised activated expression of 
the telomeric reporter gene. Our results raise the possibil- 
ity that the strengthened silencing that they observed was 
a  result of Sir3p hyperphosphorylation. We predict that 
regulation tff Sir3p phosphorylation is a key step in strength- 
ening silencing during heat shock and starvation as well as 
during the pheromone response. 
What might be the significance of Sir3p hyperphosphor- 
ylation in response to pheromone, heat shock, and starva- 
tion? It may be crucial for the cell to have tight control over 
silencing  to  avoid  inappropriate  expression  of  silenced 
genes  during  nuclear  reorganization  that  occurs  during 
mating  and  as  a  protective response to stress.  Likewise, 
since Sir3p is necessary for maintenance of telomere structure, 
strict positioning of the telomeres at the nuclear periphery 
may be required during nuclear fusion at mating and dur- 
ing  the  stress  response.  Our  results  suggest  that  Sir3p 
phosphorylation may play an important role in regulating 
changes in chromatin structure and nuclear organization. 
Sir3p phosphorylation might also influence its interac- 
tions with other cellular components. Sir3p is known to in- 
teract  physically with  other molecules involved in  tran- 
scriptional silencing and telomere function, including histones 
H3 and H4, Sir4p, Raplp, and with the telomeres them- 
selves (see Introduction). Our observations raise the possi- 
bility that alternatively phosphorylated forms of Sir3p in- 
teract with different members of the silencing apparatus. 
We examined phosphorylation of Sir3p in sir1, sir2, and 
sir4  mutants  in  logarithmically growing  cells  and  under 
pheromone-response and  starvation  conditions.  Our  ex- 
periments  revealed  that  Sir3p  phosphorylation patterns 
appeared comparable in wild-type strains and sir mutants 
under all conditions tested (unpublished data). Thus, Sir3p 
phosphorylation is neither dependent on transcriptionally 
silenced chromatin nor on SIR1, SIR2, or SIR4 function. 
Determining whether the Sir3p that is found within silenc- 
ing  complexes is  phosphorylated, and  identifying which 
site(s) may be phosphorylated within such complexes, will 
be important for a refined understanding of the nature of 
silenced  chromatin.  Sir3p  phosphorylation may precede 
assembly of a silencing complex to promote association of 
its  components, or phosphorylation may occur after as- 
sembly to enable a complex to act more efficiently. Under- 
standing Sir3p phosphorylation in the context of its physi- 
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important clues for how silenced chromatin assembles and 
functions. 
DNA Replication and Phosphorylation of 
Chromatin-associated Proteins 
Silenced transcriptional states are known to be mitotically 
stable and heritable (Pillus and Rine, 1989; Loo and Rine, 
1995).  Although  DNA  replication and the movement  of 
replication forks through silenced chromatin may facilitate 
its  assembly  or  remodeling  (for  reviews  see  Rivier  and 
Rine, 1992;  Loo and Rine,  1995),  the precise connection 
between replication and silencing has not been defined. A 
provocative  link  between  yeast  transcriptional  silencing 
and DNA replication is that Sir3p and Orclp, the largest 
subunit of the Origin Recognition Complex, show a high 
degree of protein sequence identity within their first 200 
amino  acids  and  scattered  similarity  throughout  the  re- 
mainder of their sequences (Bell et al., 1995). It is not yet 
known whether Orclp is phosphorylated or if it responds 
to any of the stimuli that induce Sir3p hyperphosphoryla- 
tion. An additional connection between DNA replication 
and  silencing  is  the  observation  that  mutation  of  the 
CDC7-encoded  protein  kinase,  active  during  DNA  syn- 
thesis, can suppress silencing defects resulting from muta- 
tions in cis-regulatory elements. Likewise, increased CDC7 
gene dosage can interfere with normal silencing (Axelrod 
and Rine, 1991). It will be important to determine if any of 
the proteins involved in silencing, including Sir3p, are tar- 
gets of Cdc7p activity. 
Interestingly, at least one other yeast transcriptional si- 
lencing  protein,  Sir4p,  is  known  to  be  phosphorylated 
(Kimmerly, 1988). Sir4p, which has limited sequence simi- 
larity to vertebrate  nuclear lamins (Diffley  and Stillman, 
1989), contains two potential sites for MAP kinase recog- 
nition, LKSP at residues 387-390  and PSSP at 1132-1135 
(Nigg, 1993).  MAP kinases as well as the cdc2 kinase are 
known to act on the site important for chicken lamin B de- 
polymerization (Peter et al., 1992), and lamin B phosphor- 
ylation  at specific sites  during mitosis  results  in nuclear 
lamina dissasembly and subsequent nuclear envelope break- 
down (Peter et al., 1990). In Drosophila, the HP1 chromo- 
domain protein becomes mutliply phosphorylated  during 
heterochromatin  assembly  in the  developing  embryo.  In 
this case, several different kinases are postulated to regu- 
late HP1 phosphorylation (Eissenberg et al., 1994). Hyper- 
phosphorylation thus occurs on proteins involved in both 
chromatin assembly and nuclear disassembly. 
The  phosphorylation  of chromatin-associated  proteins 
may prove to be a dynamic means of regulating silenced 
chromatin in yeast and in other organisms. Components of 
MAP kinase cascades might generally function in assem- 
bly and regulation of chromatin.  Since MAP  kinase cas- 
cades  are key signal  transducers  for communicating  and 
coordinating cellular responses, one aspect of this coordi- 
nation may manifest itself in remodeling chromatin to me- 
diate  alterations  in transcriptional  regulation.  Identifica- 
tion of the kinases involved and the specific target sites of 
Sir3p phosphorylation will enhance understanding the in- 
terplay between signal transduction, phosphorylation of si- 
lencing proteins, and nuclear organization in yeast. 
We thank B. Benton, J. Horecka, G. Sprague, and M. Winey for helpful 
discussions;  A. Jackson for advice  on phosphatase experiments; members 
of M. Winey's laboratory for advice  with immunoprecipitation, flow cyto- 
metric analysis,  and phospholabeling experiments; and N. Ahn for valu- 
able discussions and help with phosphoaminoacid analysis.  We are grate- 
ful for strains and plasmids from B. Benton and F. Cross, J. Horecka and 
G. Sprague, B. Sclafani,  R. Sternglanz, D. Gottschling, H. Pi and S. Fields, 
C. Styles and G. Fink, and E. Elion. We thank members of the Pillus lab, 
B.  Benton, C.  Chapon, J. Heilig,  J.  Horecka, M.  Klymkowsky, F.  Sol- 
omon, and R. Sternglanz for critical comments on the manuscript. 
This work was supported by a New Young Investigator Award from 
the National Science  Foundation (MCB 9257685) and the Cancer League 
of Colorado. L.  Pillus  is a Pew Scholar in the Biomedical  Sciences  and 
gratefully acknowledges their support (T8903508044). 
Received for publication 20 May 1996 and in revised form 12 August 1996. 
References 
Aparido, O.M., and D.E. Gottschling. 1994. Overcoming telomeric silencing: a 
trans-activator competes to establish gene expression in a cell cycle-depen- 
dent way. Genes & Dev. 8:1133-1146. 
Aparicio, O.M., B.L. Billington, and D.E. Gottschling. 1991. Modifiers of posi- 
tion effect are shared between telomeric and silent mating-type loci in S. cere- 
visiae.  Cell. 66:1279-1287. 
Axelrod, A.R. 1991. Role of a cell-cycle gene in transcriptional silencing. Ph.D. 
thesis. University of California, Berkeley. 146 pp. 
Axelrod, A., and J. Rine. 1991. A role for CDC7 in repression of transcription 
at the silent mating-type locus HMR in Saccharomyces cerevisiae.  Mol. Cell. 
Biol. 11:1080-1091. 
Baudin, A., O. Ozier-Kalogeropoulos, A. Denoeul, F. Lacroute, and C. Cullin. 
1993. A simple and efficient method for direct gene deletion in Saccharomy- 
ces cerevisiae.  Nucleic Acids Res. 21:3329-3330. 
Bell, S.P., J. Mitchell, J. Leber, R. Kobayashi, and B. Stillman. 1995. The multi- 
domain structure  of Orclp reveals similarity to regulators of DNA replica- 
tion and transcriptional silencing. Cell. 83:563-568. 
Brewster, J.L., T. de Valoir, N.D. Dwyer, E. Winter, and M.C. Gustin. 1993. An 
osmosensing signal transduction pathway in yeast. Science (Wash. DC). 259: 
1760--1763. 
Chang, F., and I. Herskowitz.  1990. Identification  of a gene necessary for cell 
cycle arrest by a negative growth factor in yeast: FAR1 is an inhibitor of a 
G1 cyclin, CLN2. Cell. 63:999-1011. 
Chien, C.-t., S. Buck, R. Sternglanz, and D. Shore. 1993. Targeting of SIR1 pro- 
tein establishes transcriptional  silencing at HM loci and telomeres in yeast. 
Cell. 75:531-541. 
Cockell, M., F. Palladino, T. Laroche, G. Kyrion, C. Lui, A. Lustig, and S. Gas- 
ser. 1995. The carboxy termini of Sir4 and Rapl affect Sir3 localization: evi- 
dence for a multicomponent complex required for yeast telomeric silencing. 
J. Cell Biol. 129:909-924. 
Cooper, J.A., B.M. Sefton, and T. Hunter.  1983. Detection  and quantification 
of phosphotyrosine in proteins. Methods Enzymol. 99:387-402. 
Diffley, J., and B. Stillman. 1989. Transcriptional  silencing and lamins. Nature 
(Lond.). 342:24. 
Eissenberg, J.C., Y. Ge, and T. Hartnett.  1994. Increased  phosphorylation  of 
HP1, a heterochromatin-associated  protein of Drosophila, is correlated with 
heterochromatin  assembly. 3". Biol. Chem. 269:21315-21321. 
Elion, E.A., J.A. Brill, and G.R. Fink. 1991. Functional redundancy in the yeast 
cell cycle: FUS3 and KSS1 have  both overlapping  and  unique  functions. 
Cold Spring Harbor Symp. Quant. Biol. 56:41-49. 
Enomoto, S., M.S. Longtine, and J. Berman.  1994. Enhancement  of telomere- 
plasmid segregation by the X-telomere associated sequence in Saccharomy- 
ces cereivisiae involves SIR2, SIR3, SIR4 and ABF1. Genetics. 136:757-767. 
Fields, S., D.T. Chaleff, and G.F. Sprague, Jr. 1988. Yeast STE7, STEll,  and 
STE12  genes are  required  for expression of cell-type-specific genes. MoL 
Cell.  Biol. 8:551-556. 
Gottschling, D.E.  1992. Telomere  proximal DNA in Saccharomyces  cerevisiae 
is refractory to methyltransferase activity in vivo. Proc. Natl. Acad. Sci.  USA. 
89:4062-4065. 
Gottschling, D.E., O.M. Aparicio, B.L. Billington, and V.A. Zakian. 1990. Posi- 
tion effect at S. cerevisiae telomeres: reversible repression of Pol lI transcrip- 
tion. Cell 63:751-762. 
Harlow, E., and D. Lane. 1988. Antibodies: A Laboratory  Manual. Cold Spring 
Harbor Laboratory, Cold Spring Harbor, NY. 726 pp. 
Hecht, A., T. Laroche, S. Stahl-Bolsinger, S.M. Gasser, and M. Grunstein. 1995. 
Histone H3 and H4 N-termini interact with SIR3 and SIR4 proteins: a mo- 
lecular model for the formation of heterochromatin in yeast. Cell. 80:583--592. 
Herskowitz, I. 1995. MAP kinase pathways in yeast: for mating and more. Cell. 
80:187-197. 
Hill, J.E., A.M. Myers, T.J. Koeruer, and A. Tzagoloff. 1986. Yeast/E.coli shut- 
tle vectors with multiple unique restriction sites. Yeast. 2:163-167. 
Hutter,  K.J., and H.E. Eipel. 1979. Microbial determination  by flow cytometry. 
The Journal of Cell Biology, Volume 135, 1996  582 J. Gen. Microbiol. 113:369-375. 
Ivy, J.M., A.J.S. Klar, and J.B. Hicks. 1986. Cloning and characterization of four 
SIR genes of Saccharomyces cerevisiae.  Mol. Cell. Biol. 6:688-702. 
Johnson, L.M., P.S.  Kayne, E.S. Kahn,  and M. Grunstein. 1990. Genetic evi- 
dence for an interaction between SIR3 and histone H4 in the repression of 
the  silent mating loci in Saccharomyces  cerevisiae.  Proc.  Natl.  Acad.  Sci. 
USA. 87:6286--6290. 
Kamada, Y., U.S. Jung, J. Piotrowski, and D.E. Levin. 1995. The protein kinase 
C-activated MAP kinase pathway of Saccharomyces cerevisiae mediates a 
novel aspect of the heat shock response. Genes & Dev. 9:1559-1571. 
Kamps, M.P., and B.M. Sefton. 1989. Acid and base hydrolysis of phosphopro- 
teins bound to immobilon facilitates analysis of phosphoamino acids in gel 
fractionated proteins. Anal, Biochem. 176:22-27. 
Kimmerly, W.L 1988. C/s- and trans-acting regulators of the silent mating-type 
loci of Saccharomyces  cerevisiae.  Ph.D.  thesis.  University of California, 
Berkeley. 275 pp. 
Klein, F., T. Laroche, M.E. Cardenas, J.F.-X. Hofmann, D. Schwartz, and S.M. 
Gasser. 1992. Localization of RAP1 and topoisomerase II in nuclei and mei- 
otic chromosomes of yeast. J. Cell Biol. 117:935-948. 
Laurenson, P., and J. Rine. 1992. Silencers, silencing, and heritable transcrip- 
tional states. MicrobioL Rev. 56:543-560. 
Levin, D.E., and B. Errede.  1995. The proliferation of MAP kinase signaling 
pathways in yeast. Curr Opin. Cell Biol. 7:197-202. 
Liu, C., and A.J. Lustig. 1996. Genetic analysis of Raplp/Sir3p interactions in 
telomeric and HML silencing  in Saccharomyces cerevisiae.  Genetics. 143:81-93. 
Liu, C., X. Mao, and A. J. Lustig. 1994. Mutational analysis defines a C-termi- 
nal tail domain of RAP1 essential for telomeric silencing in Saccharomyces 
cerevisiae.  Genetics.  138:1025-1040. 
Loo, S., and J. Rine. 1994. Silencers and domains of generalized repression. Sci- 
ence (Wash. DC). 264:1768-1771. 
Loo, S., and J. Rine. 1995. Silencing and heritable domains of gene expression. 
Dev. Biol. 11:519-548. 
Lu, M.J., S.S. Mpoke, C.A. Dadd, and C.D. Allis. 1995. Phosphorylated and de- 
phosphorylated linker histone H1 reside in distinct chromatin domains in 
Tetrahymena macronuclei. Mol. Biol. Cell. 6:1077-1087. 
Lustig, A.J., C. Liu, C. Zhang, and J.P. Hanish. 1996. Tethered Sir3p nucleates 
silencing at telomeres and internal loci in Saccharomyces  cerevisiae.  MoL 
BioL Cell. 16:2483-2495. 
Marshall, M., D. Mahoney, A. Rose, J.B. Hicks, and J.R. Broach. 1987. Func- 
tional domains of SIR4, a gene required for position effect regulation in Sac- 
charomyces cerevisiae.  MoL Cell Biol. 7:4441-4452. 
McKinney, J.D., F. Chang, N. Heintz, and F.R. Cross. 1993. Negative regulation 
of FAR1 at the start of the yeast cell cycle. Genes & Dev. 7:833443. 
Mitchell, A.P. 1994. Control of meiotic gene expression in Saccharomyces cere- 
visiae. MicrobioL Rev. 58:56-70. 
Moretti, P:, K. Freeman, L. Coodiy, and D. Shore. t994. Evidence that a com- 
plex of SIR proteins interacts with the silencer and telomere-binding protein 
RAP1. Genes & Dev. 8:2257-2269. 
Nasmyth, K. 1982. The regulation of yeast mating-type chromatin structure by 
SIR: an action at a distance affecting both transcription and transposition. 
Cell 30:567-578. 
Nigg, E.A. 1993~ Cellular substrates of p34  cac2 and its companion cyclin-depen- 
dent kinases. Trends Cell Biol. 3:296-301. 
Palladino, F., T. Laroche, E. Gilson, A. Axelrod, L. Pillus, and S.M.  Gasser. 
1993. SIR3 and SIR4 proteins are required for the positioning and integrity 
of yeast telomeres. Cell. 75:543-555. 
Peter, M., J. Nakagawa, M. Doree, J.C. Labbe, and E.A. Nigg. 1990.  In vitro 
disassembly of the nuclear lamina and M phase-specific phosphorylation of 
lamins by cdc2 kinase. Cell 61:591--602. 
Peter, M., J.S.  Sanghera, S.L.  Pelech, and E.A. Nigg. 1992. Mitogen-activated 
protein kinases phosphorylate nuclear lamins and display sequence specific- 
ity overlapping that of mitotic protein kinase p34  ~c2. Eur. J. Biochern. 205: 
287-294. 
Pillus, L., and J. Rine. 1989. Epigenetic inheritance of transcriptional states in S. 
cerevisiae.  Cell. 59:637~47. 
Reeves, R. 1992. Chromatin changes during the cell cycle. Curr. Opin. Cell Biol. 
4:413-423. 
Renauld, H., O.M. Aparicio, P.D. Zierath, B.L. Billington, S.K. Chhablani, and 
D.E. Gottschling. 1993. Silent domains are assembled continuously from the 
telomere and are defined by promoter distance and strength, and SIR3 dos- 
age. Genes & Dev. 7:1133-1145. 
Richardson, H.E., C. Wittenberg, F. Cross, and S.I. Reed. 1989. An essential G1 
function for cyclln-like  proteins in yeast. Cell 59:1127-1133. 
Rine, J., and I. Herskowitz. 1987. Four genes responsible for a position effect on 
expression from HML and HMR in Saccharomyces cerevisiae.  Genetics.  116: 
9-22. 
Rivier, D., and J. Rine. 1992.  Silencing: the establishment and inheritance of 
stable, repressed transcription states. Curr.  Opin. Genet. Dev. 2:286-292. 
Roberts, R.L., and G.R. Fink. 1994. Elements of a single MAP kinase cascade 
in Saccharomyces cerevisiae mediate two developmental programs in the 
same cell type: mating and invasive growth. Genes & Dev. 8:2974-2985. 
Schiestl, R.H., and R.D. Gietz. 1989.  High efficiency transformation of intact 
yeast cells using single stranded nucleic acids as carrier. Curr. Genet. 16:339-346. 
Shei, G.-J., and J.R. Broach. 1995. Yeast silencers can act as orientation-depen- 
dent gene inactivation centers that respond to environmental stimuli. Mol. 
Cell. Biol. 15:3496-3506. 
Sherman, F. 1991. Getting started with yeast. Methods EnzymoL 194:3-21. 
Sikorski, R.S.,  and J.D.  Boeke. 1991. In vitro mutagenesis and plasmid shuf- 
fling: from a cloned gene to mutant yeast. Methods Enzymol. 194:302-318. 
Sikorski, R.S.,  and P. Heiter. 1989. A  system of shuttle vectors and yeast host 
strains designed for efficient manipulation of DNA in Saccharomyces cerevi- 
sine.  Genetics.  122:19-27. 
Singh, J., and A.S. Klar. 1992. Active genes in budding yeast display enhanced 
in vivo accessibility to foreign DNA methylases: a novel in vivo probe for 
chromatin structure of yeast. Genes & Dev. 6:186-196. 
Stevenson, B.J, N. Rhodes, B. Errede, and G.F. Sprague, Jr. 1992. Constitutive 
mutants of the protein kinase STEI1 activate the yeast pheromone response 
pathway in the absence of G protein. Genes & Dew 6:1293--1304. 
Stone, E.M., M.J. Swanson, A.M. Romeo, J.B. Hicks, and R. Sternglanz. 1991. 
The SIR1 gene of Saccharomyces cerevisiae and its role as an extragenic sup- 
pressor of several mating-defective mutants. Mol. Cell. Biol. 11:2253-2262. 
Warner, J.R.  1991.  Labeling of RNA and phosphoproteins in Saccharomyces 
cerevisiae.  Methods Enzymol. 194:423-428. 
Zhou, Z., A. Gartner, R. Cade, G. Ammerer, and B. Errede. 1993. Pheromone- 
induced signal transduction in Saccharomyces cerevisiae requires the sequen- 
tial function of three protein kinases. Mol. Cell. Biol, 13:2069-2080. 
Stone and Pillus Sir3p Phosphorylation  583 